This paper presents experimental investigation results of an electric variable valve timing (EVVT) actuator using linear parameter varying (LPV) system identification and control. For the LPV system identification, a number of local system identification tests were carried out to obtain a family of linear time-invariant (LTI) models at fixed engine speed and battery voltage. Using engine speed and battery voltage as time-varying scheduling parameters, the family of local LTI models is translated into a single LPV model. Then, a robust gain-scheduling (RGS) dynamic output-feedback (DOF) controller with guaranteed H 1 performance was synthesized and validated experimentally. In contrast to the vast majority of gain-scheduling literature, scheduling parameters are assumed to be polluted by measurement noises and the engine speed and battery voltage are modeled as noisy scheduling parameters. Experimental and simulation results show the effectiveness of the developed approach.
Introduction
In recent years, strict emission regulations and increasing fuel economy requirements led to the development of many new engine techniques and variable valve timing (VVT) actuation is one of them. The fuel economy, emissions, and performance of internal combustion engines are heavily influenced by both intake and exhaust valve timing. With a conventional valve-train system, the intake and exhaust valve timing can only be optimized for a single operating condition. That is, the optimized valve timing can either improve fuel economy and reduce emissions at low engine speeds or maximize engine power and output torque at high engine speeds. Therefore, due to the growing fuel economy demands and emissions constraints, the EVVT actuation system [1] was developed as an alternative to the fixed valve timing system or conventional hydraulic VVT. With the EVVT actuation systems, the engine performance can be optimized over the entire engine operational map. In order to robustly control the camphase angle of the EVVT, advanced modeling and control techniques need to be investigated. The varying nature of the EVVT system dynamics makes conventional linear control theory insufficient for such task, which leads to the application of the LPV modeling and control techniques. LPV systems emerged from nonlinear system theory and became one of the most successful techniques in the postmodern control era [2] . A major assumption is made in the LPV control such that scheduling parameters are available via real-time measurement or estimation to be utilized for feedback control.
Applications of LPV modeling and control techniques to automotive systems have received a great deal of attention in the past decade. In Ref. [3] , the authors designed LPV controller for a hydraulic VVT system. A family of linear models that were identified in Refs. [4] and [5] were used to approximate hydraulic VVT actuator dynamics in Ref. [3] . Controller synthesis methods developed in Refs. [6] and [7] were used to develop observerbased LPV control for the hydraulic cam-phasing actuator in Ref. [3] , where engine speed and oil pressure are used as scheduling parameters. Gain-scheduling techniques are also applied to diesel engines in Refs. [8] and [9] and to gasoline spark-ignition engines in Refs. [10] [11] [12] [13] [14] . In Ref. [8] , LPV techniques are applied to air path control of a turbocharged diesel engine by regulating the transient in-cylinder exhaust gas fraction to reduce nitrous oxide (NO x ) emissions. Identification techniques in the LPV framework have been applied to a nonlinear turbocharged diesel engine in Ref. [12] to obtain LPV model suitable for control synthesis. In Ref. [11] , an air-to-fuel ratio gain-scheduling control strategy is proposed based on adaptive estimation of biofuel content for internal combustion engines equipped with lean NO x trap after-treatment systems. Biofuel content and engine speed are used as scheduling parameters. In Ref. [15] , LPV modeling and control approach for engine port fuel injection process is studied through hardware-in-loop (HIL) simulations. Event-based gainscheduling control approach is applied using wall-wetting parameters with engine speed as a scheduling parameter. In Ref. [10] , switching LPV control strategy [16] was applied to control air-fuel ratio of spark-ignition engines. Engine speed and air flow rate are used as time-varying scheduling parameters.
However, all the literature mentioned above assume exact knowledge of scheduling parameters which are available for real-time feedback control. In general, such assumption is not realistic for practical engineering applications due to unavoidable uncertainties, calibration errors, sensor measurement noises, etc. As pointed out in Ref. [17] , small errors in scheduling parameters could not only degrade system performance but also destabilize the closed-loop system. Therefore, designing gain-scheduling controller, which is robust against measurement noise in scheduling parameters, is important in practice. This interesting research topic has been investigated by many authors independently [17] [18] [19] [20] from theoretical point of view. To the best of our knowledge, RGS control with uncertain scheduling parameters has been applied only recently for airplane flight control in Ref. [21] .
Therefore, the goal of this paper is to design and experimentally validate RGS dynamic output-feedback controller for an EVVT actuator subject to noisy scheduling parameters. To do this, the procedure described in Fig. 1 is followed. First, a number of closed-loop system identification tests were conducted on the MSU EVVT test bench to obtain a family of LTI models. Given the family of local LTI models, the LPV model of the EVVT system is formulated. Since the obtained LPV model has an affine parametrization in terms of the varying parameters, this model is converted into polytopic (multisimplex convex) domain so that the H 1 RGS control synthesis method developed in Ref. [22] can be applied to obtain DOF RGS controllers. Once a controller is obtained, its performance is experimentally validated on the same test bench used to perform the system identification. If the stability and tracking performance of the cam-phase angle are not satisfied, another controller should be designed by tuning design parameters in the synthesis conditions. This loop is performed until stability and satisfactory performance are obtained on the test bench.
The rest of the paper is organized as follows: The actuator components and experimental test bench setup are given in Sec. 2. System identification and LPV modeling of the EVVT actuator system are presented in Sec. 3. RGS problem formulation and its controller synthesis are given in Sec. 4. Controller implementation and experimental validation results of the closed-loop system are given in Sec. 5. Simulation study results are also included in this section between the RGS controller and baseline controllers. Conclusions are given in Sec. 6.
Electric Variable Valve Timing Engine
Cam-Phasing Actuator 2.1 Actuator Components. The EVVT system studied in this paper operates with two main components: an electric motor and a planetary gear set (see Fig. 2 ). The planetary gear set consists of an outer ring gear, a planet gear carrier with planet gears attached, and a sun gear. The ring gear, which is running at the half speed Transactions of the ASME of the crankshaft, is driven by the crankshaft through the engine timing belt. Details of the modeling work for the EVVT can be found in Ref. [23] . Figure 3 illustrates the schematic diagram of the EVVT cam-phase actuator. Note that for the traditional valvetrain system, the ring gear is connected to the camshaft directly resulting in a fixed valve timing, while for the EVVT system, the ring gear and the camshaft are connected through the planetary gear set. The planetary gear carrier is driven by an electric motor and four planet gears engaging both ring and sun gears at the same time, where the sun gear is connected to the camshaft. The speed of the camshaft is determined by the ring gear speed together with the EVVT motor speed, which provides the engine with flexible valve opening timing. The cam-phase angle can be expressed as the integration of the speed difference between the EVVT motor and ring gear. Therefore, the cam-phase can be adjusted by controlling the EVVT motor speed with respect to engine speed. To hold the cam-phase at a constant value, the EVVT motor speed should match the ring gear speed. To advance the cam-phase, the EVVT motor speed should be faster than the ring gear speed; and to retard the cam-phase, the EVVT motor speed should be slower than the ring gear speed.
Test Bench Setup.
The EVVT experimental test bench is shown in Fig. 4 . This bench is used for both system identification and controller validation tests. Figure 4 shows the engine head, the EVVT actuator, and the cam-phase position sensor. A Ford 5.4 L V8 engine head is used for the test bench setup. The cylinder head has a single camshaft driving two intake valves and one exhaust valve. An electric motor is used to simulate the motion of the engine crankshaft. Due to speed limitations of this electric motor, the maximum engine speed that can be obtained on the test bench is 1750 rpm. An optical encoder is installed on the motor shaft that generates crank angle signal with 1 crank deg resolution and a gate signal (one pulse per revolution). Both encoder signals are used to obtain engine position and speed. A cam position sensor with four pulses per engine cycle is installed on the back of the camshaft to detect the engine firing top dead center (TDC) and to calculate the cam-phase angle. Thus, the cam-phase angle is updated four times every engine cycle. The cam position detection system has a theoretical resolution of 1/64 crank deg. An electrical oil pump is used to supply pressurized oil for lubricating both EVVT actuator and cylinder head assembly. Intake and exhaust valves are installed to provide the cyclic camshaft torque load. Opal-RT real-time engine prototype controller is used to control the EVVT and collect the experimental data for the test bench. The cam-phase position sensor signal is sampled by the Opal-RT prototype controller and the corresponding cam-phase angle is calculated within the Opal-RT real-time controller. The experiments are performed at MSU Automotive Controls Lab at a room temperature of 25 deg.
System Identification and Linear Parameter Varying Modeling

System Identification Tests of Electric Variable Valve
Timing Actuator. Using the test bench described above, a number of tests at fixed values of engine speed and battery voltage were conducted. The indirect closed-loop system identification approach proposed in Refs. [24] and [25] was used to obtain the open-loop system models based upon the identified closed-loop models using the q-Markov covariance equivalent realization (qMarkov Cover) system identification method [26, 27] . More specifically, utilizing knowledge of a given controller dynamic to calculate the open-loop plant model from the closed-loop system at fixed values of engine speed and battery voltage. To ensure accuracy in the identification tests, proportional controller was used to form the closed-loop system identification [25, 28] .
Nine experimental tests have been conducted at various points of engine speed and battery voltage as illustrated in Table 1 . These tests showed that when the vehicle battery voltage, supplied to the EVVT motor, drops from 14 V to 9.5 V at 800 rpm engine speed, the settling time of step response is almost doubled due to the reduced torque available for the EVVT motor to drive the ring gear. Note that battery voltage fluctuations are associated with various vehicle electrical load variations. On the other hand, when the engine speed is reduced from 1400 rpm down to 800 rpm with a fixed battery voltage at 9.5 V, the settling time is cut by half because at low motor speed, the available motor torque increases. These tests showed that the response time of the EVVT is strongly dependent on both engine speed and battery voltage. Therefore, these two varying parameters were selected to be the time-varying parameters of the LPV EVVT model.
Linear Parameter Varying Model Construction.
In this subsection, the identified local LTI models are used to construct a single LPV model with engine speed and vehicle battery voltage as the time-varying parameters. Based on the conducted system identification experiments, the dynamics of the EVVT actuator can be represented by the following differential equation with varying coefficients as functions of the fixed engine speed N and battery voltage V: where y and u are the EVVT phase angle and control duty cycle, respectively. The values of h 1 (N, V) and h 2 (N, V) were identified experimentally at the nine operational conditions and are given in Table 2 . Based on these identified values, Bode plots of the identified models at fixed engine speed and battery voltage are shown in Fig. 5 . Note that h 1 (N, V) and h 2 (N, V) are associated with the control direct current gain and system viscosity of Eq. (1), respectively, and they depend on engine speed and battery voltage. The range of the varying coefficients h 1 (t) and h 2 (t) is given in Table 3 , which covers the entire range of the operational conditions.
The time-varying coefficients, h 1 and h 2 , are plotted as a function of engine speed and battery voltage in Fig. 6 . From this figure, it can be observed that the vehicle battery voltage has substantial influence on both coefficients h 1 and h 2 . The higher the battery voltage, the larger both h 1 and h 2 . This is mainly due to the fact that motor torque increases as the battery voltage increases. On the other hand, the effects of the engine speed to both coefficients (for a given voltage) are mixed due to the following facts. At high voltage (14 V), the motor torque is unsaturated and as the engine speed increases, the output power increases leading to increased values of h 1 and h 2 . However, when the battery voltage drops to (9.5 V), the motor output power saturates at high engine speed leading to slower response (small value of h 2 ) and reduced h 1 . To sum up, the engine speed has less influence on h 1 and h 2 than the vehicle battery voltage. It is worth mentioning that table look-up method was used to interpolate the values of h 1 and h 2 in real-time implementation.
Robust Gain-Scheduling Control
The objective of the control problem is to robustly stabilize the closed-loop system and to regulate the cam-phase angle to the reference phase input using RGS dynamic output-feedback control for any possible trajectory of engine speed and battery voltage belonging to a specified set. More specifically, the goal is to guarantee robust stability and H 1 performance of the closed-loop system against variations in scheduling parameters and associated uncertainties. State-space representation of the EVVT system and problem formulation of RGS control is detailed in this section.
4.1 State-Space Representation. The state-space representation of an LPV system can be expressed by Table 2 Identified coefficients h 1 (t) and h 2 (t) 
where xðtÞ 2 R n is the state, uðtÞ 2 R nu is the control input, wðtÞ 2 R nw is the disturbance input, zðtÞ 2 R nz is the controlled output, and yðtÞ 2 R ny is the measured output. where q represents the number of scheduling parameters. Note that for the EVVT application, q ¼ 2. Therefore, the EVVT plant model (1) can be realized in state-space form as
where y ¼ x 1 represents the cam-phase angle of the EVVT actuator, x 2 is the speed of the cam-phase, and u is the EVVT motor speed command. In order to accommodate for disturbance input, measurement noise, and control signal, we define Thus, the state-space realization of the overall system corresponding to the matrices defined in Eq. (2) is 4.2 Robust Gain-Scheduling Control Problem Formulation. The proposed control architecture is illustrated in Fig. 7 . This scheme illustrates the dependence of the gain-scheduling controller, KðhðtÞÞ, on the noisy scheduling parameter vectorhðtÞ instead of the true scheduling parameter vector hðtÞ. The openloop system matrices in Eq. (2) are assumed to have an affine parameterization, i.e., each of the system matrices can be represented by the following parametrization:
The scheduling parameters in Eq. (3) 
where d i (t) represents uncertainty of the ith scheduling parameter, and h i (t) is the true value. These scheduling parameters and their uncertainties are assumed to be independent on each other and it varies within the following known bounds:
Furthermore, these parameters are assumed to have bounded rates of variations
The goal is to synthesize RGS dynamic output-feedback controller of the form 
to robustly stabilize the closed-loop system and regulate the camphase angle to the step-change reference input while satisfying prescribed level of H 1 -norm for the closed-loop system. The closed-loop system is given by _ nðtÞ ¼ AðhðtÞ;hðtÞÞnðtÞ þ BðhðtÞ;hðtÞÞwðtÞ zðtÞ ¼ CðhðtÞ;hðtÞÞnðtÞ 
The controller matrices in Eq. (8) also have an affine parametrization with respect to the measured scheduling parameters. In other words, these matrices are parameterized as 
Therefore, the goal is to obtain the controller coefficient matrices A ci ; B ci , and C ci (i ¼ 0; 1; …; q) to implement the controller using the measured scheduling parametersh i . PROBLEM 1. Suppose that the scheduling parameters hðtÞ are provided ashðtÞ with uncertainty dðtÞ as defined in Eq. (5 
For a given positive scalar c > 0, find a dynamic output-feedback gain-scheduling controller in the form of Eq. (8) that stabilizes the closed-loop system (9) and satisfies
for any pair ðhðtÞ; _ hðtÞÞ 2 K Â X. 
Synthesis Conditions.
The solution of the RGS control problem presented above can be obtained by solving the constrained parametrized bilinear matrix inequalities (PBMIs) problem. The next theorem presents the PBMIs synthesis conditions used to synthesize RGS dynamic output-feedback controller with guaranteed H 1 performance. These conditions are developed in Ref. [22] . THEOREM 2. Consider the open-loop system in Eq. (2), given a scalar c > 0 and a sufficiently small positive scalar e > 0, there exists a gain-scheduling dynamic output-feedback controller KðhðtÞÞ in the form of Eq. (8) such that the closed-loop system (9) is exponentially stable with the guaranteed H 1 performance satisfying Eq. (13) 
where FðhÞ 2 R nÂn and XðhÞ 2 R nÂn are any full-rank matrix factorization satisfying XðhÞFðhÞ ¼ TðhÞ À SðhÞRðhÞ. Remark 3. The conditions of Theorem 2 are formulated in terms of parametrized bilinear matrix inequalities (PBMIs) for a fixed e. PBMI algorithm has been developed in Ref. [22] to solve this nonconvex optimization problem. Robust LMI parser (ROLMIP) [30] , a specialized robust linear matrix inequality (LMI) parser, is used to implement the PBMIs conditions. This parser works jointly with the matlab LMI parser (YALMIP) [31] and the LMI solver SeDuMi [32] which are used to obtain the suboptimal RGS controller.
Following the procedure presented in Ref. [22] , the RGS synthesis approach for the EVVT system can be summarized as follows: 1 K and X are predefined convex sets that contain all the scheduling parameters and associated uncertainties with their rates of variations. More details about the construction of these sets can be found in Ref. [20] or [29] .
(1) Set the bounds on scheduling parameters and measurement noise associated with each scheduling parameter, N 2 ½800; 1400 rpm; V 
Experimental Validation
This section presents the experimental implementation of the RGS controller that is obtained in Sec. 4 on the EVVT test bench. Note that the same test bench used to perform the system identification was also used for controller validation. Opal-RT engine prototype controller is used for real-time control and collecting the experimental data from the test bench. Euler's forward (rectangular) method that is given in Ref. [35] has been utilized to discretize the controller with sampling period of 5 ms on the Opal-RT prototype controller. For the purpose of experimental demonstration, different operational conditions are investigated in these experiments with various engine speed and battery voltage profiles. Figure 8 shows one of these experimental trajectories that covers the entire engine operational envelope. It is worth mentioning that this trajectory is corresponding to the best possible measurements that can be obtained on the test bench. It is clear from Fig. 8 that perfect measurement is not easy to obtain experimentally. This supports the core idea that noisy scheduling parameter is a reasonable assumption in practice.
In Fig. 9 , tracking the cam-phase angle to a step-change input from 5 deg to 40 deg is illustrated. Corresponding battery voltage, engine speed, and tracking error are also presented in Fig. 9 . In this test, the battery voltage is allowed to vary within its extreme bounds. Note that battery voltage fluctuations are associated with various vehicle electrical load variations. In this figure, good tracking performance of the EVVT system for the step-change reference is demonstrated. Measurement noise associated with engine speed is also shown in Fig. 9 . Furthermore, simulation study was conducted among the RGS and other two base-line controllers in Fig. 11 . To be more specific, standard LPV and LTI H 1 controllers have been designed for the EVVT model with noisy scheduling parameters for comparison purposes. Both controllers are designed using the same weighting coefficients and the LTI controller is designed for the nominal plant with h 1 ¼ 0.4533 and h 2 ¼ 10.710. It is clear from Fig. 11 that although the standard LPV controller shows competitive response in terms of the output regulation, the RGS controller provides faster response than the LTI H 1 one.
Conclusions
Experimental investigation results of an EVVT actuator using LPV system identification and control are presented in this paper. Since engine speed and battery voltage have substantial impact on the EVVT actuator performance, these two signals are chosen as scheduling parameters to model the EVVT system in the LPV framework. First, system identification tests are performed with fixed operational conditions to obtain a set of local LTI models. Then, these LTI models are converted into single LPV model for the EVVT system. RGS controller is synthesized for the identified LPV model. Practical assumption of noisy scheduling parameters is considered in this study. Finally, the RGS controller has been validated experimentally on the EVVT test bench. Experimental results show satisfactory performance for the entire range of the parameter space. Transactions of the ASME
